ABSTRACT: The ability to identify the sex of individuals is essential in studies of ecology, behavior, and conservation, but reliable methods for sexing species that exhibit low sexual dimorphism are often time consuming or invasive. Previous studies have evaluated the usefulness of morphological measurements as easy and minimally invasive means of sexing seabirds in the field. We used a discriminant function analysis (DFA) to determine the accuracy of sexing Galápagos penguins Spheniscus mendiculus using 6 morphological measurements: bill depth, bill length, head length, gape, flipper length, and foot length. Using these variables, we sexed 95% of study penguins correctly. Simplified functions, including bill depth and length, or bill depth only, also correctly classified the sex of 95% of study penguins. We also looked for sexual dimorphism in plumage, estimating the size of the white feather patch underneath the chin. Ninety-five percent of penguins with little to no white chin patch were female, while penguins with larger chin spots were both male and female. We show that Galápagos penguins, a rare and Endangered seabird, may be sexed accurately, even when data are limited to 1 morphological measurement.
INTRODUCTION
Accurate and minimally invasive methods to determine the sex of individuals are important to studies of threatened populations (Clutton-Brock 1985 , Zavalaga & Paredes 1997 , Dechaume-Moncharmont et al. 2011 . Knowledge of sex is critical to studies of breeding, behavior, ecology, population trends, and management. Sexing individuals of species that display low sexual dimorphism is difficult, however, and often necessitates invasive, time-consuming, and costly procedures, thus hindering studies important for conservation.
Many species of seabirds have low plumage and size dimorphism between sexes, making sexing individuals in the field difficult. Although molecular sexing techniques are reliable, they are costly and require permits for blood collection that are often challenging to obtain, especially when working with a rare or endangered species. Sexing birds by morphological measurements is a widespread field technique that is inexpensive, easy to implement, minimally invasive, and can be effective even for species with low sexual dimorphism (Dechaume- Moncharmont et al. 2011) . For example, morphological measurements allow for sex classification in several penguin species, including Magellanic Spheniscus magellanicus (references in Vanstreels et al. 2011) , Humboldt S. humboldti (Zavalaga & Paredes 1997 , Wallace et al. 2008 , African S. demersus (Pichegru et al. 2013) , gentoo Pygoscelis papua and chinstrap P. antarcticus (Lee et al. 2015) , rockhopper Eudyptes chrysocome (Poisbleau et al. 2010) , royal E. schlegeli (Hull 1996) , and little penguins Eudyptula minor (Arnould et al. 2004) .
The Galápagos penguin S. mendiculus is the rarest penguin species and is listed as Endangered on the IUCN Red List of Threatened Species (Boersma et al. 2013) . The population has 1500 to 4700 individuals and faces mounting threats such as the increasing frequency and intensity of El Niño, introduced predators such as rats and cats, fisheries, and habitat degradation (Boersma et al. 2013) . Threats that limit food availability, such as El Niño and overfishing, may affect males and females differently if they forage at separate locations or depths or take different prey, as is the case in other penguins (Walker & Boersma 2003 , Pichegru et al. 2013 ). Studies of Galá-pagos penguins will be more informative if the sex of individuals can be easily determined. Male and female Galápagos penguins look similar, but males are larger and have more distinct markings (Boersma 1977) . These distinctions in size and plumage are subtle, however, and difficult to detect even when the birds are in hand. To assess morphology-based sex predictors, we collected morphological data for individuals whose sex was determined with genetic analysis. We then used a linear discriminant analysis to test the predictive ability of morphological measurements in sexing Galápagos penguins.
MATERIALS AND METHODS

Data collection
Known-sex samples
We determined the sex of 61 (25 female, 36 male) adult Galápagos penguins through genetic analysis. We took blood samples from penguins of unknown age and breeding status captured on Fernandina, Isabela, Santiago, and Bartolomé Islands in Galápa-gos, Ecuador (0.95°S, 90.97°W) in 2010 and 2011. We collected blood through venipuncture of the interdigitary vein in the foot webbing and stored it in lysis buffer. Dr. Patricia Parker sexed individuals at the University of Missouri-St. Louis using a PCR-based approach (as decribed in Fridolfsson & Ellegren 1999) .
Predictor variables
During 8 research trips between 2010 and 2014, we used dial calipers (± 0.1 mm) to measure bill length (length of exposed culmen), bill depth (measured at the nares), head length (occiput to tip of bill), and gape of the 61 penguins that we sexed genetically. We also measured flipper length (middle of elbow joint to tip) and foot length (back of heel to tip of middle toe) with a zero-stop ruler (±1 mm) (after Boersma 1974) . We used the median measurement for each bird that we measured more than once as an adult, and the same person (P.D.B.) took all of the measurements. Because Galápagos penguins are difficult to capture, and non-invasive sexing techniques are preferable, we estimated the width of the patch of white feathers that grows under the chin (referred to as the chin spot). This can be estimated from several feet away and without capturing the individual. We assigned each individual to 1 of 4 categories: 0 (no chin spot), 1 (< 0.5 cm across), 2 (0.5−1.5 cm), and 3 (>1.5 cm). For 41 individuals (16 females, 25 males), we also noted if the white chin was mottled with dark feathers.
Statistical procedures
We calculated mean and standard deviation for all continuous variables for each sex of our 61 knownsex penguins. To assess the overall size difference between sexes, we performed a 1-way analysis of variance for each variable using the lm function from the stats package in R. We then used morphological measurements from our known-sex samples to determine discriminant functions. We performed the discriminant analysis using the lda function from the MASS package in R (Venables & Ripley 2002) . To assess the strength of the relationship between each variable and the canonical axis, we standardized the raw canonical coefficients to produce Pearson product-moment bivariate correlations (i.e. structure coefficients). To test the predictive ability of our models, we used a jackknife (leave-one-out) approach that predicted the sex of each individual based on the model fit when leaving that individual out of the dataset. We repeated this for each individual, and calculated the proportion of individuals correctly sexed.
To determine our precision in measuring each morpho logical trait, we calculated the coefficient of variation for each trait of every adult Galápagos penguin that was measured 3 or more times between 1970 and 2017 (n = 7−21, depending on trait). We averaged these values to obtain 1 coefficient of variation per morphological variable. Because plumage may be more variable over time than bony structures, we fit a linear mixed effects model using all birds from our database with multiple chin spot measures (n = 68). We included chin spot as the response variable, time since first check and amount of breedingassociated feather loss around the bill as fixed ef fects, and allowed random intercepts by individual ID.
RESULTS
Males were significantly larger than females in all morphological variables in Galápagos penguins (Table 1) . Using all continuous variables (we excluded chin spot from the discriminant analysis because data were categorical), we determined the following function: This function correctly classified the sex of 96.7% of study birds (97.2% of males, 96% of females; Wilk's lambda = 0.191, p < 0.001). One male and 1 female were misclassified. The distribution of discriminant scores is illustrated in Fig. 1a , and the canonical loadings for each variable are given in Table 2 . Pearson product-moment bivariate correlations between each morphometric variable measured in Galápagos penguins and the canonical function. Bill depth, head length, and bill length had the largest loadings and best described the variance between males and females sex of 95.1% of study birds, misclassifying 1 male and 2 females. Because a discriminant function using only 1 or 2 variables may necessitate less handling time and reduce the stress on each individual, we derived 2 additional functions, one restricting the variables to bill length and bill depth, and one using bill depth only. We selected these variables because they best ex plained the variance in the previous function (Table 2) . We selected bill length instead of head length because bill length is included within head length and was measured with higher precision than head length (Table 1) . Using bill depth and length, we derived the following function:
This second function also classified 96.7% of study birds correctly, although it had a higher Wilk's lambda than the first function (Wilk's lambda = 0.229, p < 0.001; Fig. 1b ). Our jackknifed accuracy was 95.1%.
Reducing the equation to include bill depth only, we produced the following function:
D 3 correctly classified 95.1% of birds before and after jackknifing (p < 0.001; Fig. 1c ). Using this third function, we calculated the discriminating threshold between male and female bill depth. We set D 3 to −0.49 (the intersection between male and female discriminant scores) and solved for bill depth, finding 17.2 mm to be the threshold between male and female bill depth, above which a penguin would be classified as male, and below which a penguin would be classified as female.
Bill length had the lowest coefficient of variation, followed by head length, bill depth, foot, flipper, and gape (Table 1) . We found substantial overlap be tween male and female chin spot size. Fortythree percent of penguins with a chin spot of category 2 were female, while 57% were male. Thirtyseven percent of penguins with a chin spot of category 3 were female, and 63% were male. There was less overlap in the little-to-no chin spot categories (0 and 1), with 95% of the group being female. We found that chin spot size did not differ over time (estimate −0.00003, profile confidence interval −0.002 to 0.001) but decreased with feather loss associated with breeding (−0.01; −0.16 to −0.04). Mottling in the chin spot did not provide additional clarity (44% of fe males and 60% of males had mottled chins).
DISCUSSION
Knowing the sex of animals is critical for many studies of their ecology and behavior. For a rare and Endangered species like the Galápagos penguin, finding effective means of sexing individuals while reducing stress is of value. We show that Galápagos penguins are sufficiently sexually dimorphic that they can be sexed accurately with just a few morphological measurements.
Bill depth, bill length, and head length (which includes bill length as part of the measurement) were the strongest morphological indicators of sex. Bill measurements were the best predictors of sex for all other Spheniscus penguins (Wallace et al. 2008 , Vanstreels et al. 2011 , Pichegru et al. 2013 , several other penguin species (Hull 1996 , Lee et al. 2015 , and seabird families (Grecian et al. 2003 , Ferrer et al. 2016 , Bourgeois et al. 2017 . In reducing our discriminant function to bill depth only, we correctly sexed > 95% of study penguins. This accuracy is comparable to the values reported in similar studies (91% in Arnould et al. 2004 and Lee et al. 2015; 93 and 97% in Hull 1996; 96% in Poisbleau et al. 2010) . Chin spot size was potentially useful in identifying individuals with no or small chin spots as female, but was otherwise unreliable at separating the sexes and became smaller as breeding birds shed feathers around their bill. The ability to sex these penguins using only one measurement means less time in hand and less stress for each individual bird.
Bony structures like the bill were easier to measure precisely than the flipper, foot, or chin, which can vary depending on state of plumage or wear of toenail. Structures that lie under loose skin, like the occiput (bony point at the back of the skull used to measure head length), are more difficult to find than the exposed structures of the bill and may lead to more variation in measurement.
Sexual size dimorphism in Spheniscus penguins is likely a result of breeding behavior and niche segregation (Ainley & Emison 1972 , Boersma 1977 , Walker & Boersma 2003 . Male Spheniscus penguins vie for nests and mates through physical competitions, and larger males have an advantage (Renison et al. 2002) . Females fight less frequently and with less intensity (Renison et al. 2003) . Resource partitioning between sexes in sexually dimorphic species has been suggested for a number of bird species (Selander 1966 , Ainley & Emison 1972 , Boersma 1977 , Walker & Boersma 2003 . Though male and female Galápagos penguins forage in the same horizontal range (Steinfurth et al. 2008) , the sexual dimorphism in bill size could result in males eating larger prey than females. Males may also dive deeper than females, as in African penguins (Pichegru et al. 2013) .
By establishing techniques for sexing individuals that are quick, minimally invasive, and accurate, we can better understand threats to endangered populations. Morphometric measurements, particularly those of bill depth and length, are accurate indicators of Galápagos penguin sex and are relatively easy to measure, making them useful tools for researchers.
